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UTS 

HYDROGEN STORAGE METAL ALLOY AND PRODUCTION THEREOF 



TECHNICAL FIELD 

The present invention relates to a hydrogen 
storage metal alloy capable of repeatedly carrying 
out the absorption and release of hydrogen. In 
particular, the present invention relates to a BCC 
system hydrogen storage metal . alloy having 
theoretically a high capacity for hydrogen storage. 
Further, the present invention especially relates to a 
hydrogen storage metal alloy having a highly 
practicable property, including, for example, not only 
quantitatively excellent hydrogen adsorption and 
desorption characteristics within practical pressure 
ranges and temperature ranges but also a capacity of 
adsorbing and desorbing hydrogen in quite great 
amounts per unit weight, together with a relatively 
inexpensive pr oduc i b i 1 i t y , and to a process for 
production thereof. 

RELATED ART OF THE INVENTION 

At present, there have been worried not only 
about acid rain due to an increasing NOx (nitrogen 
oxides) but also about the global warming due to an 
increasing COa in association with an increase in 
consumption of fossil fuel such as petroleum. Such 
environmental destruction has become a serious problem. 
Therefore, our attention has been greatly concentrated 
on development and practical application of various 
kinds of clean energy which is friendly to the earth. 
Part of means for developing such a new energy is a 
practical application of hydrogen energy. Hydrogen is 



a constituent element of water inexhaustibly present 
on the earth and can be not only produced using 
various kinds of primary energy but also utilized as 
fluid energy in place of conventionally used petroleum 
without the risk of destroying the environment because 
its product by combustion is only water. In addition, 
unlike electricity, it has excellent characteristics 
such as its relatively easy storage. 

In recent years, therefore, investigation has 
been actively conducted involving hydrogen storage 
metal alloys as media for storage and transport of 
hydrogen, and their practical application has been 
expected. Such hydrogen storage metal alloys are 
met a 1 s / a 1 loy s which can absorb and release the 
hydrogen under an appropriate condition and, by the 
use of such alloys, it is possible to store the 
hydrogen not only at lower pressure but also at higher 
density as compared to the case of the conventional 
hydrogen cylinders. In addition, the hydrogen volume 
density thereof is nearly equal to or rather more than 
that of liquid or solid hydrogen. 

These hydrogen storage metal alloys which 
have been practically used until now are ABs alloys 
such as LaNis and AB 2 alloys such as TiMn 2 , but their 
hydrogen absorbing capacity is still insufficient. In 
recent years, for example, as proposed in Japanese 
Unexamined Patent Publication (Kokai) No. 10-110225 
<JP, A, 10-110225), metals/alloys (the metal includes 
V, Nb, Ta, etc. and the alloy does TiCrV alloys, etc.) 
each having a body-centered cubic (hereinafter, 
referred to as " BCC") structure have been mostly 
investigated because the number of hydrogen absorbing 
sites in the crystal lattice is great in the BCC 
structure and the hydrogen absorbing capacity is as 
large as H/M = ca. 2 wherein H is occluded hydrogen and 
M is a constituent element for the alloy (about 4.0 
wt%, i.e., it is huge, in alloys of V, etc. having an 



atomic weight of around 50) . 

With regard to alloys wherein Ti and Cr are 
comprised, it has been reported as follows: as 
suggested in JP, A, 10- 1 1 02 2 5 , when for alloys 
comprised of only Ti and Cr the admixture ratio of the 
constituent metals is brought to such an extent that 
it will be conductible to absorb and release hydrogen 
at a practicable temperature and pressure (i.e., the 
atomic ratio of Ti is set at 5 < Ti (at%) < 60), as 
also apparent from FIG. 2 (phase diagram for the Ti-Cr 
binary alloy), a temperature range for forming a BCC 
structure becomes very narrow between a melting point 
of the alloy and a temperature at which a C14 crystal 
structure is formed. Consequently, other C14 crystal 
structure phases which are different from BCC are 
formed at 90 wt% or more in the alloy and it is very 
difficult to produce the BCC. Therefore, V is admixed 
as an element highly capable of forming BCC together 
with both Ti and Cr in order to attain the BCC 
structure in a more stable fashion and at a lower 
temperature. As a result, the aforementioned TiCrV 
alloys have been produced wherein, unless the amount 
of V is at least 10% or more, it is difficult to form 
the BCC as their main phase even by application of 
heat- treatment whereby no good hydrogen adsorption and 
desorption characteristics are obtainable. 

A Ti-Cr based alloy (comprised of 5 or more 
elements) having the formula: 

Ti ( 10O-3c_y- Z ) CTxAyBz 

wherein A is one member selected from V, Nb, Mo, Ta and 
W, B is two or more members selected from Zr, Mn, Fe , 
Co, Ni and Cu, and its crystalline structure is BCC is 
disclosed in Japanese Unexamined Patent Publication 
(Kokai) No. 7-252 560 ( JP, A, 7-252560 ) and it is 
pointed out therein that the aforementioned admixture 



of 5 or more elements is essential for acquiring the 
aforementioned BCC . 

However, there are still problems: since V to 
be admixed with the aforementioned alloy has an atomic 
weight approximately similar to that of Ti or Cr, it 
may be admixed at an elevated quantity without 
reducing its hydrogen storage capacity per unit weight 
of the alloy product so much, but because it is very 
expensive, especially a highly pure material (99.99 % 
purity) employed for such an alloy is extremely 
expensive, the price of the alloy product results in a 
very high level, whereby alloy costs will increase for 
absorbing and storing an equal amount of hydrogen. 

Therefore, for inexpensive alloys free of 
using precious V, Mo-Ti-Cr and W-Ti-Cr alloys are 
proposed wherein Mo or W is admixed as, like V, an 
element highly capable of forming BCC with both Ti and 
Cr. However, for these Mo and W, as suggested in 
Japanese Unexamined Patent Publication (Kokai) No. 10- 
121180 (JP, A, 10-121180), it has been reported as 
follows: BCC is neither formed in such alloys even by 
application of h e a t - 1 r e a t me n t s when at 0 at% of Mo 
and/or W nor obtainable as the main phase when admixed 
at a low level thereof whereby no good hydrogen 
absorption and desorption characteristics will appear. 
Accordingly, there are also problems: when the amounts 
of Mo and W to be admixed increase, the hydrogen 
absorbing capacity per unit weight of such alloys will 
lower because of their large atomic weight, and in 
case where these hydrogen storage metal alloys are 
used as energy sources for automobiles, bicycles, etc. 
in the form of hydrogen gas storage tanks and nickel 
hydrogen batteries, including fuel batteries, when an 
attempt is made at attaining a necessary electric 
power and hydrogen-supplying capacity, their weights 
would increase. 
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In view of the foregoing points, the present 
inventors have paid much attention to the 
aforementioned problems and, as a result, succeeded in 
the present invention. An object of the present 

5 invention is to provide (1) a hydrogen storage metal 
alloy which is (i) producible in the aforementioned 
form having BCC main phases even if the level of 
precious V or Mo and W which each lead to a decrease in 
hydrogen absorbing capacity per unit weight is made 

10 null or as minimal as possible, also (ii) excellent in 
view of its cost and hydrogen absorbing capacity per 
unit weight and (iii) highly practicable and (2) a 
process for producing the same. 



15 



SUMMARY OF THE INVENTION 



in order to solve the aforementioned problems, 
the present invention provides a novel hydrogen 
20 storage metal alloy for adsorption and desorption of 
hydrogen. According to the present invention, the 
novel hydrogen storage metal alloy has the following 
characteristics : 

(1) it has as its main phase a body-centered 
25 cubic structure-type phase enabling the adsorption and 

desorption of hydrogen, and 

(2) it has a composition of the following 
general composition formula: 

30 Ti<xoo-«-o.4fa>Cr<«-o.efc»>Mto 

wherein M is vanadium (V), provided that 20 ^ a (at%) 
^ 80, and 0 ^ b (at%)^ 10. 

Such characteristics lead to the following: 
35 the level of V can be brought to either not more than 
10 at% or 0, thereby enabling the amount of necessary 
precious V to be reduced or nullified, with the result 
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that hydrogen storage metal alloys thus obtained will 
become inexpensive, provided that other elements can 
be optionally admixed as long as their admixture does 
not have a great influence on the aforementioned 
5 properties of the hydrogen storage metal alloys. 

It is preferred that the hydrogen storage 
metal alloys of the present invention are those 
wherein the atom % (at%) of element, V, contained in 
the metal alloy may be within a range of 6±2 at%. 
10 As a result thereof, the alloys can have a 

higher hydrogen storage capacity per unit weight 
within a V level range of not more than 10 at% as 
aforementioned . 

According to the present invention, the novel 
15 hydrogen storage metal alloy also has the following 
characteristics: 

(1) it has as its main phase a b o dy - c e n t e r e d 

net 

m cubic structure- type phase enabling the adsorption and 

desorption of hydrogen, and 
20 (2) it has a composition of the following 

general composition formula: 

Ti < 1 O O — « — O .4k>>Cr<A-0 . 6b ) Mb 

25 wherein M is at least a member selected from 
molybdenum (Mo) and tungsten (W), provided that 20 ^ a 
(at%)^ 80, and 0^ b (at%)< 5. 

Such characteristics lead to the following: 
(1) the level of Mo or w can be brought to either less 
30 than 5 at% or 0, thereby enabling the reduction of a 
hydrogen storage capacity per unit weight, depending 
on an increase in weight of the resultant alloy, to be 
minimized or nullified; and (2) since the alloys 
contain no precious V, they can also be produced 
35 inexpensively, provided that other elements can be 
optionally admixed as long as their admixture does not 
affect greatly the aforementioned properties of the 
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hydrogen storage metal alloys. 

It is preferred that the hydrogen storage 
metal alloys of the present invention are those 
wherein the atom % (at%) of Mo and/or W, contained in 
the metal alloy may be within a range of 3 ± 1.5 at%. 

As a result thereof, the alloys can have a 
higher hydrogen storage capacity per unit weight 
within a Mo and/or W level range of less than 5 at% as 
aforementioned . 

According to the present invention, the novel 
hydrogen storage metal alloy also has the following 
characteristics : 

(1) it has as its main phase a body-centered 
cubic s t r uc t u r e - t ype phase enabling the adsorption and 
desorption of hydrogen, and 

(2) it has a composition of the following 
general composition formula: 

Ti ( 1 O O — a. - O . 4 fc> > C r < a — O . 6 b ) V ( b-c ) Mc 



wherein M is at least a member selected from 
molybdenum (Mo) and tungsten (W), provided that 20 ^ a 
(at%) ^ 80, 0 < b (at%) < 10, and 0 < c (at%) < 5. 

Such characteristics leafd to the following: 
part of the content of precious 57 can be replaced with 
at least one member selected from Mo and W which are 
each potently capable of forming a BCC structure 
ogether with Ti and Cr in / the same manner as V, 
thereby enabling not only the cost to be relatively 
low but also a decrease in /hydrogen storage capacity 
per unit weight, brought ab/but by the incorporation of 
Mo or W, to be limited to L relatively minor one, with 
the result that the hydrogen storage metal alloys can 
be produced which come to an excellent balance between 
the cost and the hydro/gen storage capacity per unit 
weight and become advantageously practicable, provided 
that other elements can be optionally admixed as long 



xture does not affect greatly the 
ned properties of the hydrogen storage 
1 1 oy s . 

It is preferred that the hydrogen storage 
metal alloys of the present invention are those 
wherein an element, X, having an atomic radius greater 
than that of Cr but smaller than that of Ti may be 
contained at its atom % concentration, d (at%), 
ranging within 0^ d (at*) I 20. 

As a result thereof, the element X can be 
admixed the atomic radius of which is larger than that 
of Cr but smaller than that of Ti, thereby inhibiting 
the formation of a C14 (Laves phase) structure so as 
to extend a temperature range for forming a BCC 
structure phase in place of the aforementioned C14 
(Laves phase) structure, with the result that the 
hydrogen storage metal alloys can be produced with the 
BCC structure phase in a stable fashion even at low 
levels of V, Mo and W, which each have a potent BCC 
structure-forming capability with both Ti and Cr. 

It is preferred that the hydrogen storage 
metal alloys of the present invention are those 
wherein the element, X, may include at least one or 
more members selected from the group consisting of Al, 
Ge , Ga, Si, Au and Pt. 

As a result thereof, the selected elements 
have an excellent capability of forming a metal alloy 
with Ti and Cr and therefore preferable to be employed 
for the aforementioned element X. 

It is preferred that the hydrogen storage 
metal alloys of the present invention are those 
wherein an element, T, may be contained at its atom % 
concentration, e (at%), ranging within O^e (at%) ^ 10 , 
wherein the said element T includes at least one or 
more members selected from the group consisting of Nb, 
Ta, Mn, Fe, Al , B, C, Co, Cu, Ga, Ge , Ln (a variety of 
lanthanoid metals), N, Ni, P, and Si. 
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As a result thereof, the element T can be 
admixed, thereby enabling a plateau pressure at which 
the resultant hydrogen storage metal alloys can absorb 
and release hydrogen to be appropriately controlled. 
5 According to the present invention, a process 

for producing the hydrogen storage metal alloy has the 
following characteristics: 

for the production of hydrogen storage metal alloys 

having as the main phase a bo dy - c e n t e r e d cubic 

10 s true ture- type phase enabling the adsorption and 

desorption of hydrogen, and comprising the steps of: 

_ (1) melting a starting alloy brought to a 

O 

~J3 predetermined element ratio to form a uniform heat 

( me It ing step) , 
15 (2) keeping the homogenized alloy heat at a 

temperature within a range just below the melting 
JPjj point of the alloy for a predetermined time (heat 

treatment), and 

(3) rapidly cooling the alloy after the heat 
H 20 treatment (quenching step). 

Such characteristics enable the production of 
hydrogen storage metal alloys having as the main phase 
a BCC-type phase with regard to not only a Ti-Cr 
binary alloy, which is presumed to be hardly produced, 
25 but also an alloy wherein V, Mo and W are contained at 
low le ve 1 s . 

It is preferred that melting and 

solidification may be carried out repeatedly 
predetermined times at the aforementioned melting step 
30 in the hydrogen storage metal a 1 1 oy - pr oduc i n g process 
according to the present invention. 

As a result thereof, such repeated melting 
and solidifying treatments enable us not only to 
produce alloys having an improved uniformity wherein a 
35 BCC-type structure phase is formed at a higher rate 
but also to prevent the occurrence of a spinodal 
decomposing composition as much as possible. 
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It is preferred that the predetermined time 
range at the aforementioned heat treatment is from 1 
minute to 100 hours in the hydrogen storage metal 
alloy-producing process according to the present 
invention . 

When a time range for the heat treatment step 
is 1 minute or less, it is impossible to form 
sufficiently a BCC-type structure and when 100 hours 
or more, treating costs increase due to heating for a 
long time. As a result thereof, the inventive time 
range leads to the excellent formation of the BCC 
structure with minimizing an increase in the treating 
cost. 

It is preferred tlr/t the element ratios are 
those described in any of/Claims 1 to 8 regarding the 
Aforementioned hydrogejr storage metal alloy products 
, /obtained by the hydrogen storage metal alloy-producing 
process according/to the present invention. 

As a result ther eo^ , alloys wherein the main 
phase is a BCC-type st r/uc ture can be produced in a 
stable fashion from / each alloy having a highly 
practicable composi tyio n according to any of Claims 1 
to 8 . 

Described below are bases of the selected 
compositions for hydrogen storage metal alloys 
according to the present invention. FIG. 2 depicts a 
Ti-Cr binary system phase diagram in connection with 
the present invention. As seen in FIG. 2, the BCC 
phase is present throughout all composition ranges of 
Ti and Cr over 1643K (1370 °C). In light of the atomic 
radius of Ti (0.147 nm) greater than that of Cr (0.130 
nm), when the level of Ti increases and the level of Cr 
lessens, the alloy will increase its BCC phase lattice 
constant but lower its plateau pressure. The plateau 
pressure of the hydrogen storage metal alloy may vary 
depending on its alloy-working temperature. It is 
preferred that the Ti/Cr ratio may vary in order to 



acquire a desired working temperature and consequently 
a suitable Ti/Cr ratio can be selected. Although a 
starting composition is brought to the extent of 
Ti^oCreo in order to acquire a suitable plateau 
pressure at 4 0 6 C (313K) in examples as described 
hereinbelow, the present invention is not limited to. 
The plateau pressure of such hydrogen storage metal 
alloys not only varies depending on their alloy- 
working temperature but also is controllable by 
varying a Ti/Cr ratio for Ti-Cr-M hydrogen storage 
metal alloys including Ti-Cr alloys and Ti-Cr-V alloys. 
The plateau pressure remarkably rises when the Cr 
level "a" exceeds 80 at% while the plateau pressure 
becomes extremely low when it is below 20 at%, thereby 
leading to a poor practicability. Accordingly, it is 
preferred that the Ti/Cr ratio may be selected which 
is suited for a desired working temperature within a 
range of 20^ a (at%)^ 80. 

Although the addition of V to such Ti-Cr 
binary alloys is effective in facilitating the 
formation of their BCC type structure as 
aforementioned, an excessive admixture of V leads to a 
decrease in their hydrogen adsorption and desorption 
characteristics as shown in FIG. 5, and when the V 
level is over about 10 at%, the admixture of such 
precious V will not make any sense. In light of the 
foregoing points, it is derived that the fundamental 
f o r mu 1 a : 

Ti ( lOO-o-O . <lfc>)Cr< ei-O . 6 fc> ) V to 



will be within a range of 0 ^ b (at%)^ 10. Further, 
the addition of substituent element T to such alloys 
having the fundamental formula: 



-12- 



is effective in adjusting the plateau pressure wherein 
T is at least one or more elements selected from the 
group consisting of Nb, Ta, Mn, Fe , Al, B, C, Co, Cu, 
Ga, Ge, Ln (a variety of lanthanoid metals), N, Ni, P, 
5 and Si, and an amount of substituents is 0 ^ c <at%) ^ 
10 . 

Although Mo and W elements each have a great 
BCC structure-forming property to Ti-Cr binary alloys 
and the admixture of Mo or W with the Ti-Cr binary 
10 alloy is effective in facilitating the formation of 
the BCC structure, an excessive admixture of Mo and/or 
W will lead to an increase in density for hydrogen 
storage metal alloy products because such Mo and W are 
heavy elements with a relatively large atomic weight. 
15 As seen in FIGs. 9 and 10, when their level exceeds 
about 5 at%, the hydrogen adsorption and desorption 
yjj characteristics which reach to the maximum will be led 

™ to a significant decrease. In light of the foregoing 

m points, the fundamental formula: 

3* 20 



!!** 
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T i ( XOO — a— O - 4 b ) CI ( <a — O . 6 b ) Mb 

wherein a is 20 ^a (at%) ^80, b is 0^b <at%) <5 and 
M is at least one element selected from Mo and W, is 
25 derived. The admixture of substituent element T with 
the resultant metal alloys is also effective in 
adjusting the plateau pressure in the same fashion as 
aforementioned, provided that T is at least one or 
more elements selected from the group consisting of Nb, 
30 Ta, Mn, Fe, Al, B, C, Co, Cu , Ga, Ge , Ln (various 
lanthanoid metals), N, Ni, P and Si, and an amount of 
substituents is 0 £ c (at%)^ 10. 

Further, although/ element V has an atomic 
weight approximately equ/valent to that of Ti or Cr 
35 and is precious, eve/ a large quantity of its 
substituent leads to /a less increase in molecular 
weight for alloy /roducts whereby there is an 
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advantage that an amount of occluded hydrogen per unit 
weight will not be reduced muoft. In contrast, since Mo 
and W each have a great BCC /Structure- forming property 
to Ti-Cr binary alloys, t/e admixture of Mo and/or W 
with the Ti-Cr binar/y alloy is effective in 
facilitating the format/ion of BCC in alloy products. 
However, an excessive /admixture of Mo and W will lead 
to a decrease in wydrogen adsorption and storage 
characteristics because of heavy elements each having 
a large atomic wei/ht. Hence, to make better use of 
both the advantages, a novel composition is invented 
wherein part of tfrecious V is replaced with Mo and/or 
w, i.e., an aflloy composition of the following 
fundamental formula: 

Ti < A O O - « - O . 4 ta ) C r ( a - O . 6 to ) V < to - <= >M<= 

wherein 20^/a (at%)^ 80, 0^ b (at%)^ 10, 0< c (at%) 
<* 5, and m is at least one element selected from Mo 
and W, is /greatly practicable in view of its cost and 
its occluded hydrogen quantity as well as its BCC 
structure/- forming capability. As before, the admixture 
of subs/ituent element T with such a composition is 
also effective in adjusting the plateau pressure 
wherein T is at least one or more elements selected 
from t/he group consisting of Nb, Ta, Mn, Fe, Al, B, C, 
Co, cL , Ga, Ge, Ln (various lanthanoid metals), N, Ni, 
P anyfl Si. 

Alloys having a low level of these elements 
and Mo or W are hardly formed in the structure of BCC 
as pointed out in the prior art. As apparent from the 
phase diagram of a Ti-Cr binary alloy (FIG. 2), this 
is attributable to the fact that a temperature range 
for affording the BCC structure is too narrow 
throughout the Ti-Cr admixture ratios wherein 
temperature and pressure ranges at which the hydrogen 
storage metal alloy can work will be within 
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practicable values, i.e., at the Cr level of 20 to 80 
at % . 

As seen in the aforementioned phase diagram 
{FIG. 2), however, when the level of Cr is gradually 
reduced from 60 at% (it has the same meaning as the 
level of Ti gradually increase from 40 at%), a 
temperature range eligible for giving a BCC structure 
would expand. This is presumably attributed to the 
following: since the Laves phase is represented by a 
composition of a ABa type and the atomic radius ratio 
of A to B ( r A : rB ) = about 1.225 : 1 is necessary for 
forming an ideal geometric structure in such a 
composition while the atomic radius ratio of Ti to Cr, 
both of which are used according to the present 
invention, is 1.13 : 1, which is far different from 
the above ideal value and unsuitable for forming the 
ideal Laves phase structure, Ti will quantitatively 
increase, and invade B sites in apparently more 
quantities whereby consequently the atomic radius 
ratio at A sites will become close to that at B sites, 
thereby inhibiting the formation of Laves phases. 

Now, by developing such ideas, when an 
element having an atomic radius smaller than that of 
the A site but larger than that of the B site is 
admixed therewith for substitution, not only the 
penetration of the substituent element into the A site 
can inhibit the formation of Laves phase but also that 
into B site can it similarly. 

Hence, it has been thought that there is a 
possibility of enabling a BCC formation in alloy 
products similarly to the above V case as well as the 
Mo or W case and therefore element X (its atomic 
radius is smaller than that at the A site (Ti) but 
larger than that at the B site (Cr)) can be admixed 
with the alloy to expand a temperature range eligible 
for forming BCC whereby a hydrogen storage metal alloy 
may be produced with a BCC structure in a more stable 
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fashion . 

The element X, the atomic radius of which is 
smaller than that at the A site (Ti ) but larger than 
that at the B site (Cr ) , includes, for example, at 
least one or more elements selected from the group 
consisting of Al (0.143 nm), Si (0.132 nm), Ga (0.141 
nm), Ge (0.137 nm), Au (0.146 nm) and Pt (0.139 nm) in 
view of Ti atomic radius with 0.147 nm and Cr with 
0.130 nm . 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a flow chart illustrating a process 
for producing the hydrogen storage metal alloy 
according to an embodiment of the present invention. 

FIG. 2 depicts a Ti-Cr binary system phase 

di agr am . 

FIG. 3 is an X-ray diffraction pattern of as 

heat-treated (at 1400 °C for 1 hour) alloy 

VxTi3-7.3Cr62.5->c. 

FIG. 4 is a graph showing hydrogen absorption 
and desorption characteristics (at 40 °C) for as heat- 
treated (at 1400 °C for 1 hour) alloy 

VxTi 37 - sCrea . S-ac . 

FIG. 5 is a graph showing the relationship of 
admixed amounts of V versus hydrogen absorption and 
desorption characteristics for a Ti-Cr-V alloy. 



FIG. 6 is an X-ray diffraction pattern of as 
heat-treated (at 1400 °C for 1 hour) alloy 

Ti4oCr S 7. 5 M2. 5 (M = Mo, W). 
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FIG. 7 is a graph showing hydrogen absorption 
and desorption characteristics (at 40 °C ) for as heat- 
treated (at 1400°C for 1 hour) alloy Ti«ioCrs-7 . s Mo 2 . 5 

FIG. 8 is a graph showing hydrogen absorption 
and desorption characteristics (at 40 °C ) for as heat- 
treated (at 1400°C for 1 hour) alloy Ti 4 oCr 57 . 5 W 2 . 5 . 

FIG. 9 is a graph showing the relationship of 
admixed amounts of Mo versus hydrogen absorption and 
desorption characteristics for a Ti-Cr-Mo alloy. 

FIG. 10 is a graph showing the relationship of 
admixed amounts of W versus hydrogen absorption and 
desorption characteristics for a Ti-Cr-W alloy. 

FIG. 11 is an X-ray diffraction pattern each 
of as heat-treated (at 1400 °C for 1 hour) alloys 

Ti 3 7 . sCreoV* . 3 and Ti37 . sCrsoMoi . 2 s V 1 . 25 . 

FIG. 12 is an X-ray diffraction pattern each 
of as prepared by melting and as heat-treated alloys 

FIG. 13 is an X-ray diffraction pattern each 
of as heat-treated (at 14 00 a C for 1 hour) alloy 
Ti42 . 5 cr 57 .s and as heat-treated (at 1400 °C for 2 
hours) alloy Ti^oCrco. 

FIG . 14 is a graph showing hydrogen 
absorption and desorption characteristics (at 40 °C ) 
for as heat-treated alloy T i « 2 - * C r s -, . * . 

FIG. 15 is an X-ray diffraction pattern of as 
heat-treated (at 1400 'C for 1 hour) alloy 

Ti4oCrs7 . 5AI2 . s . 
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FIG. 16 is a graph of hydrogen absorption and 
desorption characteristics (release curve, 40 °C , 5th 
cycle) upon application of differential temperature 
method to alloy 

VxTia? .sCrea. s-3c. 



BEST MODE FOR CARRYING OUT THE INVENTION 



Described below are the hydrogen storage 
metal alloys of the present invention and processes of 
the production of the said metal alloys in detail, 
relying on experiments conducted by the present 
inventors . 

First, FIG. 1 is a flow chart showing a 
preferred embodiment of the process for producing the 
hydrogen storage metal alloys according to the present 
invention. Such a process has been applied to the 
production of hydrogen storage metal alloys used in 
the experiments conducted by the present inventors as 
described hereinbelow. 

In this process of the production of hydrogen 
storage metal alloys, each constituent element for a 
desired hydrogen storage metal alloy (for example, 
each of Ti, Cr and V in case of producing 
Ti37.5Cr60V2.5j was weighed at an amount corresponding 
to each composition ratio so as to bring the total 
weight of a resultant ingot to 12. 5g. 

Each individual metal thus weighed was thrown 
into an arc melting plant (not depicted), subjected to 
repeated treatments (melting-stirring <~ 

solidification) predetermined times (which may vary 
depending on the number of constituent elements in 
experiments but be usually approximately 4 to 5 times) 
in an argon atmosphere of about 40 kPa with scrupulous 
care to elevate a uniformity and the resultant 
homogenized ingot was then maintained at a temperature 
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region just lower than the melting point of its melt 
for a predetermined time to accomplish the heat 
t re a tment . 

Since a temperature region at which BCC forms 
are produced is present at an area just below the 
melting temperature owned by an alloy having a target 
composition as shown in the above FIG. 2 (phase 
diagram), the he at- 1 re atment may be preferably 
effected at such a temperature region at which the BCC 
is produced and just below the melting temperature. 
For example, in case of a composition containing about 
60 at% of the aforementioned element Cr, although the 
heat-treatment is preferably effected by holding the 
molten alloy at about 1400 °C , it is preferable to 
select a suitable heat-treating temperature from 
temperature areas at which a target alloy is produced 
in the form of BCC and just below the melting 
temperature of the target alloy, depending on its 
alloy composition. Among temperature areas at which 
the BCC is produced and just below the melting 
temperature thereof, it should be noted that it will 
take a longer time to accomplish the heat-treatment 
when the treatment temperature is too low (not more 
than about 1000 °C ) while it will take only a short 
time but heating will cost us too much when it is too 
high. Therefore, by taking the foregoing points into 
account, it is preferable to select a heat-treating 

temperature . 

When a heat-treating time is too short, it 
will be impossible to accomplish the formation of 
sufficient BCC structure phases while when it is too 
long treating, costs will rise dependently on heating 
for a long period. Although it is therefore preferred 
that the heat treatment can be conducted for a period 
suitably selected on the basis of a selected heat- 
treating temperature, it may be carried out preferably 
for a period of from 1 min to 100 hours, more 
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preferably from 10 rain to 24 hours, in the embodiment, 
f rom 1 to 2 hours . 

In the Examples, a/loys per se were subjected 
to the aforementioned he/t treatment after melting 
ingots without making any/shapes. Since such a process 
does not require that copied alloys are re-heated but 
enables us to product efficiently alloy products 
having a BCC structure Lase, it is preferable but the 
present invention is r/ot limited to. For example, it 
may be preferred that/molten alloys are shaped once by 
methods such as striyb casting, mono roll casting and 
atomizing methods to/ afford plates, ribbons or powders, 
then cooled and Jhe " resultant alloys each having 
either the BCC phaie + the Laves phase or the Laves 
phase alone are s/bjected to the aforementioned heat 
treatment so as t/ form the BCC structure phase as the 
ma i n phase. 

Among these alloys, alloys (ingots) heat 
treated to an extent that the BCC structure phase 
takes place as the main phase are rapidly cooled by 
dipping into ice water to give alloy products in the 
form of holding the above BCC structure phase. 

Although the aforementioned rapid cooling has 
been carried out by dipping into ice water, the 
present invention is not limited to and any can be 
arbitrarily selected for these cooling methods. 
However, since the volume ratio of BCC structural 
phase varies depending on cooling rates and a slow 
cooling rate leads to a decrease in BCC structural 
phase volume ratio, it is desired that the alloy is 
rapidly cooled preferably at a cooling rate of more 

than lOOK/sec. 

Although the alloys of the present invention 
have a composition apt to induce a spinodal 
decomposition readily, it is defined that they are 
acceptable to the extent there is an unavoidable 
formation because spinodal decomposing tissues cause 
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of alloys hydrogen absorption and 
deterioration or axioy 1 

desorption characteristics. 

Hereinbelow not only it has been examined and 
ascertained whether or not the BCC structural phase is 
5 produced as the main phase by the aforementioned 
production processes for each composition but also 
experimental results are shown which support bases of 
the above selected compositions. 

An x _ ray diffraction pattern of an alloy 
10 product obtained by heat-treating V-T i » , - »C r . a . . - - 
alloy at 1400 'C for 1 hour is shown in FIG. 3. As 
apparent from FIG. 3, even when V which is presumed to 
be hardly utilizable in the prior art as 
aforementioned is admixed at 2.5 at%, the BCC ta.es 
15 place as the main phase and when V is set to 5 at% and 

i „ i-he allovs are produced in the 
7.5 at%, respectively, the auoys a>- r 

form of a BCC mono phase. 

The fact that each alloy as shown in FIG. 
nas the BCC structure reflects on its hydrogen 
20 absorption and desorption characteristics as shown in 
FIG 4. Thus, it has been found that the BCC mono 
pnase alloys wherein V is contained at 5 at% and 7 5 
at% can absorb and release hydrogen at about 2.8 wt% 
which is approximately equal to or more than the 
25 amount achieved by the prior art alloy *° 
.„ or more of V. Further, it has been found that even 
the alloy wherein V is contained at 2.5 at% can absorb 
release hydrogen at about 2.6 wt % which is 



and rej-caoc 

approximately equal to the amount achieved by the 
prior art alloy containing 10 at% or more of V. 

This is that the admixture of V with the Ti-Cr 
binary alloy derives an increase in BCC -«-*«^ 
phase volume ratio, whereby an amount of occluded 
hydrogen increases over that attained by the Ti-Cr 
35 binary alloy. Thus, it has been found that v is an 
element greatly apt to produce a BCC form and 
effective for bringing advantageous hydrogen 
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absorption and desorption characteristics owned by the 
BCC phase into the Ti-Cr binary alloys. The hydrogen 
absorption and desorption characteristics affected by 
amounts of admixed V in connection with these Ti-Cr-V 
5 alloys were examined. The results are shown in FIG. 5. 

The results as shown in FIG. 5 are unexpected 
ones. When an amount of the admixed element V is 
brought to 10 at% or more, which was considered to be 
preferable in the prior art, it is ascertained that 
10 target alloys to be produced are improved for their 
capability of forming the BCC phase and consequently 
alloy products having the BCC phase become 
HI manuf acturable in a stable fashion according to an 

! 3 increase in amount of element V to be admixed; 

Ni 15 nevertheless, it results in their hydrogen storage 

capacity per unit weight equal to or less than that of 
V-free Ti-Cr binary alloys (without other materials). 
It is therefore apparent that their hydrogen storage 
capacity per unit weight reaches to a maximum at a V 
«4, 20 admixture amount of not more than 10 at%, especially 6 

±2 at%, contrary to conventional understanding in the 
prior art. Accordingly, it is found that an amount of 
admixed V can be set to such a region so as to not only 
prevent an increase in cost for alloys due to 
25 production by unnecessarily admixing an excessive 
amount of precious V but also increase a hydrogen 
storage capacity per unit weight. 

Next, the aforementioned production process 
has been applied to Ti-Cr-Mo (W) system hydrogen 
30 storage metal alloys which have been associated with 
the aforementioned problems, for example, when Mo and 
W which are each a heavy element having a high 
capability of forming BCC against Ti-Cr alloys but 
large atomic weight, are admixed in large quantities, 
35 the alloy products hardly exert sufficient properties, 
etc. Each level of Mo and W therein has been examined. 
The results are described hereinbelow. 
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An X-ray diffraction pattern each of as heat- 
treated alloys Ti4oCr 5 7. 5 M02. 5 and TiioCrs? . s W z . 5 is 
shown in FIG. 6. It is found from the X-ray 
diffraction pattern as shown in FIG. 6 that, although 
Mo is admixed at a small amount, i.e., at 2.5 at% only, 
the resultant alloy products are in the form of a BCC 
mono phase. For W, BCC phases are produced as the main 
phase though a few Laves phases are present. 

Further, hydrogen adsorption and desorption 
Characteristics of as heat-treated alloy 

Ti4oCr 5 7. 5 Mo2.5 are shown in FIG. 7. It has been noted 
therefrom that an amount of hydrogen occluded thereby 
is derived to an extent of about 2.9 wt% close to a 
value of 3 wt% corresponding to the maximal capacity 
which is considered to be intrinsically owned by the 
Ti-Cr binary BCC phase. 

From these results, it has been found that Mo 
can be admixed even at a smaller amount than V so as to 
produce almost the BCC mono phase. Thus, it is noted 
that, as compared to the foregoing Ti-Cr-V alloys, an 
amount of additives can be reduced whereby a good 
property has been achieved. 

Hydrogen adsorption and desorption 

characteristics of as heat-treated alloy 

Ti4oCr 57 . s W2. 9 are also shown in FIG. 8. Similarly to 
the aforementioned Mo, the W- subs t itu ted alloys come 
to be in the form of a BCC mono phase and their 
hydrogen adsorption capacity reaches to about 2.7 wt % 
or more. When W is admixed at an amount equal to that 
for Mo or V, the resultant alloy products come to 
decrease their maximal hydrogen adsorption capacity 
slightly because W has a larger atomic weight. 
The hydrogen adsorption and desorption 

characteristics which an amount each of additives, Mo 
and W, affects for such heat-treated Ti-Cr-Mo and Ti- 
Cr-W alloys are shown in FIGs. 9 and 10, respectively. 
When the additive element is Mo, it has been found 
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that the admixture of Mo at a small amount leads to an 
increase in hydrogen adsorption capacity, i.e., the 
hydrogen adsorption capacity becomes maximal at about 
3 ± 1.5 at% of the additive Mo while the hydrogen 
adsorption capacity comes to be gradually decreased in 
the 5 at% or more Mo regions which have been presumed 
to be preferable in the prior art. It has also been 
found that when Mo is admixed at 10 at% or more, the 
hydrogen adsorption capacity comes to lower less than 
that of heat-treated Mo-free Ti-Cr alloys. When the 
additive element is W, it has been observed that the 
resultant alloy products have a tendency similar to 
that for the aforementioned Mo. It has thus been found 
that the admixture of W at a small amount leads to an 
increase in hydrogen adsorption capacity, i.e., the 
hydrogen adsorption capacity becomes maximal at about 
3 ± 1.5 at% of the additive W while the hydrogen 
adsorption capacity comes to be gradually decreased in 
the 5 at% or more W regions which have been presumed 
to be preferable in the prior art. It has also been 
found that when W is admixed at 6 at% or more, the 
hydrogen adsorption capacity comes to lower less than 
that of heat-treated W-free Ti-Cr alloys. 

Hence, these elements Mo and W are preferably 
admixed therewith at a micro amount so as to increase 
occupied volume ratios of the BCC phase occurred in 
such Ti-Cr binary alloys. It is found that Mo and W, 
as compared for their capability of forming BCC in Ti- 
Cr alloys, have each a tendency to enable the BCC- 
occupied volume ratio to increase even upon their 
admixture at a smaller amount than V's. It is also 
found that amounts per unit weight of occluded 
hydrogen therein come to decrease when they are 
admixed at an excessive amount. 

Although each of Mo/ and W is admixed alone in 
order to clarify the efficfacy of individual admixed 
elements in the foregoincf embodiments, the present 
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invention is not limite^o. It is preferred that one 
of two elements Mo W may be admixed therewith in 

combination wi th^nif ot he r . For amounts of the admixed 
elements in V&s instance, it is preferable that a 
total amount of admixed elements Mo and W may be less 
than 5 a/% . 

As aforementioned, V has an atomic weight 
approximately equivalent to that of Ti or Cr. 
Although V is precious, molecular weights of alloy 
products are changed (increased) little even when an 
amount of substituents increases. Therefore, there are 
advantages that amounts of occluded hydrogen do not 
reduce very much. Accordingly, in order to produce BCC 
mono phase alloys with a high capacity by melting a 
large amount of alloys followed by rapidly cooling and, 
if necessary, heat-treatments, it is forecasted that V 
may be effectively admixed therein in combination with 
at least one member selected from the aforementioned 
Mo, W, etc. Thus, for the aforementioned Ti-Cr-V 
alloys wherein a low level of V is contained, which 
have been conventionally presumed to be hardly 
produced in a BCC phase form, efficacies are examined 
and proved in case where a replacement with Mo 
partially takes place. 

An X-ray diffraction pattern each of as heat- 
treated Ti 37 . 5 Cr 6 oV2.5 and Ti37 . sCreoMoi . 25V1 . 2 s alloys 
is shown in FIG. 11. Reflections by the Laves phase 
are observed for the heat-treated alloy T i 3 - * C r - o V a . * 
as shown in FIG. 11 (identical with the pattern for 
X=2.5 as shown in FIG. 3) and the hydrogen adsorption 
and desorption characteristics only reach to an extent 
of 2.6 %. However, it has been found that the heat- 
treated alloy Ti,7..Cr..Hoi.2.Vi.» wherein part of 
elements are replaced with Mo are almost in the form 
of a BCC mono phase and its hydrogen adsorption and 
desorption characteristics are improved to be an 
extent of about 2.7 wt% . In this way, V can be admixed 



V 
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therewith in combination with Mo(also W) so as to 
reduce an amount of precious V to be admixed together 
with a reduction in amounts of Mo (and/or W) to be 
admixed, with the result that the occupied volume 
ratio of BCC phases will increase together with these 
admixtures, thereby leading to an increase in hydrogen 
adsorption capacity. Therefore, it can be said that 
the admixture of V in combination with Mo (and/or W) 
is a preferable technique for producing inexpensive 
hydrogen storage metal alloys with a high capability 
of absorbing and storing hydrogen. 

It has been proved that, as aforementioned, 
by using the above production process characterized in 
the heat-treatment of the present invention the BCC 
phase is produced as the main phase at an area 
(wherein an amount each of additives V, Mo, W, etc. is 
extremely slight) approximately close to the Ti-Cr 
binary alloy which is conventionally presumed to 
produce no BCC phase in the prior art and the 
resultant alloys exert excellent hydrogen adsorption 
and desorption characteristics. Accordingly, it has 
been found that there is a possibility of acquiring 
excellent hydrogen adsorption and desorption 
characteristics with regard to Ti-Cr binary alloys, 
i e alloys free of additives such as V, Mo and W but 
formed from only Ti-Cr, wherein it has been presumed 
in the prior art that the BCC would be hardly formed 
as the main phase and accordingly no good hydrogen 
absorption and release would be achieved. Next, 
occurred phases and hydrogen adsorption and desorption 
characteristics are examined for such Ti-Cr binary 
alloys. 

An X-ray diffraction pattern each of as 
prepared by melting (as cast) and as heat-treated at 
!673K (kept at 1 4 0 0 'C for 1 hr followed by water- 
cooling) li.oCr.. is shown in FIG. 12. 

It is apparent from the X-ray diffraction 
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patterns a S shown in FIG. 12 that the BCC is produced 
as the main phase. Next, in order to have a try at 
improving on Ti-Cr binary alloys for forming the BCC 
mono phase, researches are conducted on alloy 
compositions and conditions for heat-treatments. An X- 
ray diffraction pattern each of Ti « a . »Cr 3 , . 3 alloy 
materials heat-treated at 1673K (maintained at 1400 °C 
for 1 hr followed by cooling with water) and Ti»Cr,» 
alloy materials heat-treated at 1673K wherein a time 
range for heat-treatment was 2 hours (maintained at 
1400 °C for 2 hr followed by cooling with water) is 
shown in FIG. 13. It is apparent from this drawing 
that both alloys have the main phase of the BCC. 
Especially the former is produced in the form of a BCC 
mono phase regardless of the same heat-treating 
conditions as for the alloy as shown in FIG. 12. 
These results indicate that the present invention 
solves the problems (it has been reported in JP , A, 
10-121180, Japanese Unexamined Patent Publication 
(Kokai) No. 10-158755 ( JP , A, 10-158755 ), Japanese 
Unexamined Patent Publication (Kokai) No. 11-106859 
(JP, A, 1 1-106859 ) that it was difficult to produce 
Ti-Cr binary alloys in the form of a BCC mono phase) 
by adjusting the alloy compositions to most suitable 
ones, fitting treating time, etc. 

From these experimental Ti-Cr alloy results 
(see: FIGs. 12 and 13), it is suggested that the Laves 
phase formation is inhibited easier in alloy 
Ti^.^r,,., than in alloy Ti..Cr S o, that is, it is 
prevented easier in alloys replaced with Ti having a 
larger atomic radius (0.147 nm) than Cr (0.130 nm). 
The Laves phase is represented by a composition AB * 
wherein the atomic radius ratio between both atoms A 
and B, i.e., ( r A : rB) is about 1.225 : 1 in order to 
have a geometrically ideal structure and also 
characterized by the composition ratio, A : B, having 
a range. However, the ratio of Ti atomic radius : Cr 
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atomic radius is 1.13 : 1, which is unsuitable for 
forming an ideal Laves phase structure from an initial 
stage, and the Ti : Cr atom % ratio, which is a target 
to be researched according to the present invention, 
is about 1 : 1.5, i.e., a large amount of Ti 
apparently occupies a B site, whereupon the atomic 
radius ratio between the A site and the B site also 
reduces, etc. These are thought to be sources for 
inducing results different from those reported in the 
prior art . 

Relying on an expansion of these ideas, the 
following will be expected: when a replacement with an 
element having an atomic radius smaller than the A 
site but greater than the B site takes place, even the 
intrusion of the substituent elements into A sites 
will lead to the inhibition of the Laves phase 
formation and that into B sites will as well. That is, 
it is forecasted that there are elements facilitating 
the formation of BCC . It is expected that a 
substitution with an element {including, for example, 
Al (0.143 nm) , Ga (0.141 nm), Ge (0.137 nm) and Pt 
(0.139 nm), etc.) having an atomic radius greater than 
Cr (0.130 nm) but smaller than Ti (0.147 nm) will 
facilitate the formation of the BCC phase. 

Thus, there has been no report that the Ti-Cr 
binary alloy was subjected to the formation of a BCC 
mono phase or the facilitation of a BCC phase 
formation. This is one of bases supporting the novelty 
of the present invention. The hydrogen absorption and 
desorption characteristics of as heat-treated alloy 
Ti * 2 . sCr s 7 . s are shown in FIG. 14. Its hydrogen 
storage capacity is 2.6 wt % or more. Distinctively 
from Ti-Cr Laves alloys and the like as reported in 
the prior art, these results evidence that the BCC 
phase occurring in the Ti-Cr binary alloy has 
advantageous hydrogen adsorption and desorption 
characteristics . 




-28- 



m 



in connection with the fact that BCC phases 
occur in ternary system alloys such as Ti-Cr-V and Ti- 
Cr-M (M=Mo or W) alloys, which have been disclosed in 
jp. A, 10-121180, JP, A, 10- 1 587 55 and JP , A, 11- 
5 106859, the following has been experimentally proved: 
Ti-Cr-V alloys and Ti-Cr-Mo (W) or Ti-Cr-(V or Mo) 
alloys according to the present invention are produced 
in the form of a BCC mono phase or in a BCC main phase 
form at an extremely micro amount of V, Mo, W, etc. to 
10 be admixed (i.e., at a range very close to the Ti-Cr 
binary alloy), thereby exerting excellent hydrogen 
adsorption and desorption characteristics. This is 
J attributed to the fact that the BCC phase of such Ti- 

?0 cr binary alloys exerts its excellent hydrogen 

S * 15 adsorption and desorption characteristics. 

An X-ray diffraction pattern each of as heat- 
treated alloys Ti 4 oCr«o and Ti 4 oCr 3 7. s Al 2 . 5 is shown in 
FIG. 15. It is apparent that a BCC mono phase is 
almost formed by replacing part of Cr with Al. This 
20 alloy is realized by using Ti4 2 . 5 Cr S7 . 5 alloy rather 
than Ti4oCr 6 o alloy as shown for Ti-Cr alloys, i.e., 
by developing the concept that Cr is replaced with Ti 
having a larger atomic radius than Cr to bring the 
atomic radius ratio of A to B ( r A : rB) to such an 
25 extent that it will facilitate the inhibition of a 
Laves phase formation and applying Al (0.143 nm) which 
has an atomic radius larger than Cr (0.130 nm) but 
smaller than Ti (0.147 nm ) and is capable of not only 
inhibiting the formation of a Laves phase but also 
30 facilitating the formation of BCC even irrespective of 
which of A and B sites is replaced. Elements to be 
admixed therewith are those which have an action 
similar to Al and may include Ga, Ge, Si, Pt , Au , etc. 

The reason why alloys each having such an 
35 alloy composition (such ingredients) can be readily 
designed is that they are based on Ti-Cr binary BCC 
alloys in accordance with the present invention, 
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unlike the prior art. It is reported in Japanese 
Patent Application No. 11-86866 (or 86866/1999, that 
hydrogen can efficiently be utilized via applications 
of a difference in temperature, characterized in that 
5 body-centered cubic structure hydrogen storage metal 
alloys each having a two-stage plateau or inclined 
plateau are subjected to an occlusion of hydrogen at a 
low temperature followed by an elevation of an alloy 
working temperature for at least a period of hydrogen 
10 release process. In case where the differential 
temperature method is applied to the aforementioned 
alloy 



its hydrogen absorption and desorption characteristics 
are shown in FIG. 16. It is apparent that the 
application of the differential temperature method to 
the alloys of the present invention will lead to a 
hydrogen storage capacity of about 3.0 wt %. As 

nn , . „ tttc 4 it is observed that the 

lb* 20 compared to FIG. t, " 

m differential temperature method derives an increase in 

hydrogen storage capacity at about 0.2 wt %, and it is 
therefore experimentally proved that the differential 
temperature method is effective for alloys attained by 
the present invention. Its practicability can also be 
under s tood . 
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